Summary
Introduction
Induced nuclear reprogramming through iPS technology is an amazing achievement full of challenge to the intellect and important practical implications (1, 2) . Over-expression of exogenous factors that are highly enriched in ESC can rearrange the genetic program of different cell types, including somatic and adult stem cells, and induce a long lasting ESC-like pluripotent state (3) (4) (5) (6) (7) . The repercussions of iPS technology are vast: it provides a way to create patient specific stem cells that bypasses ethical and technical issues surrounding human ESC derivation and somatic cell nuclear transfer (SCNT) (8, 9) , a state of the art model for studying genetic diseases in vitro (10, 11) , and an incredible backwards route that can crystallize our current understanding of Developmental and Stem Cell Biology. Many questions, especially mechanistic, remain unanswered, but the current rhythm of research may bring iPS to clinical application sooner than expected. However, before jumping onto such extraordinary endeavor, safety must be scrupulously tested in an animal model close enough to humans. Nowadays that iPS technology is expanding, with improved delivery systems, chemical additions, new tissue culture conditions, and multiple cell sources being reported regularly, such animal model is essential to set up quality standards (12) (13) (14) (15) (16) (17) (18) . Mice, and may be rats, will possibly continue unrivalled as easier ways to learn about the reprogramming machinery and improve the methodology, but their size, physiology, and reduced life span are handicaps for making serious assumptions regarding safety in humans. Given philogenetic similarity, monkeys are theoretically an excellent alternative, but in practice ethical concerns remain to at least some extent, and they are neither easy to maintain nor to breed. Swine, a regular source of food whose farming humans have adapted over myriads of years and whose physiology is remarkably similar to ours, stands up as arguably the most attractive model for preclinical iPS. Notably, insulin obtained from pigs is widely used to treat diabetes, while pig heart valves and skin have been respectively transplanted and applied to human burn victims for decades (19) . Pig organs have also raised enormous interest for xenotransplantation: use of transgenic pigs lacking (1-3)-galactosyltransferase gene -a major xenoantigen involved in acute rejection-holds optimism regarding effectiveness of more comprehensive genetic manipulations (20) . Isolation of fully competent ESC from pigs or animal species apart from mouse, human, monkey, and more recently the rat, has proven impossible despite years of maintained effort (21, 22) . Consequently, porcine genetic manipulation can only be achieved through laborious and inefficient SCNT (23) . Moreover, PEF, the cell choice for SCNT, have a limited life span that complicates homologous recombination techniques (24) . Genetic manipulation of pig iPS cell lines could provide an outstanding supply of tissues for xenotransplantation.
From a different perspective, knowledge derived from porcine iPS may as well accelerate the isolation of bona fide ESC.
Experimental procedures Cells and tissue culture
For isolating porcine embryonic fibroblasts (PEF), 37 days old fetuses were minced with a scalpel blade in HEPES-buffered medium, and digested for 4 hours in collagenase (Gibco) at 39
. The solution was mixed multiple times with a pipette and diluted 1/1 in PEF culture medium: DMEM high glucose with penicillin/streptomycin (Gibco) and 10% fetal bovine serum (FBS, Hyclone). Samples were centrifuged at 700 rpm for 10 minutes and the pellet resuspended in PEF medium. Only early passages were used for iPS generation. Mouse embryonic fibroblasts treated with mitomycin C were used as feeder cells. HEK293T cells were used as packaging cell line for retroviral production. All 3 cell types were cultured in the same medium as PEF. iPS cell lines were successfully generated using DMEM high glucose with antibiotics, glutamine (2mM, Gibco), pyruvate (2mM, Gibco), non essential aminoacids (1%, Gibco), beta mercaptoethanol (0.1 mM, Sigma), bFGF (4ng/ml, Invitrogen), and 10% defined fetal bovine serum (FBS, Hyclone); mouse ESC medium also contained mouse LIF (1000U/ml, Millipore) but not bFGF, and FBS (15%) was from Gibco. All cells apart from HEK293T were cultured at all times (except for retroviral infection) at 39
. iPS colonies were first passaged mechanically using a Pasteur pipette, and afterwards using dispase (1 mg/ml, Invitrogen). 5-azad (20 μM, Sigma), was maintained for 3 passages (around 12 days) before RNA was extracted. For iPS production and maintenance culture media were renewed daily. Retroviral transduction pMX plasmids containing EGFP or mouse Sox2, Klf4, Oct4, and c-Myc, have been described by us previously (25) ; those containing human factors were purchased from Adgene. HEK293T were transfected with Lipofectamine 2000 (Invitrogen) following the instructions of the manufacturer. Two rounds (24 hours each) of supernatants were collected after stopping the transfection, filtered (0.45 μm pore size), and added onto sparse PEF split the day before; polybrene (8 μg/ml, Sigma) was added to increase infection efficiency. Alkaline phosphatase (AP) staining and immunofluorescence microscopy AP staining was performed as we previously described (25) . For immunofluorescence, iPS cell lines were grown for 2-3 days on coverslips coated with feeder cells before fixing with 4% paraformaldehyde.
Coverslips were permeabilized with Triton X100 before 30 minutes incubation with blocking reagent (5% FBS in PBS). Antibodies against SSEA4 and secondary antibodies (goat anti-mouse TRITC) were purchased from Invitrogen and Zhongshan Goldenbridge Biotechnology respectively, antibodies against Nanog and Rex1 were made by us and have been described previously (25) . Primary antibodies were incubated for at least 1 hour at room temperature before washing, secondary antibodies for 1 hour or less. DAPI was purchased from Sigma. Coverslips were mounted on a slide using glycerol and sealed with nail polish; a conventional fluorescence microscope (Carl Zeiss) used for visualization.
Semiquantitative RT-PCR and real time PCR
RNA was extracted using Trizol (MRC). Semiquantitative PCR of retrotranscribed samples was performed using a touchdown protocol and LA Taq polymerase (Takara). Real time PCR was performed using SYBR Green (Takara) and a ABI 7300 machine; samples were normalized on the basis of ribosomal 18S RNA values. Primers for porcine sequences were as follows: endogenous Sox2 (NCBI accession number NM_001123197) forward 5'-GGTTACCTCTTCTTCCCACTCCA-3' and reverse 5'-CAAAAATAGTCCCCCCAAAAGAAG-3'; Nanog (NM_001129971 Cells were grown sparse in T flasks (Corning, USA) and demecolcine (Dahui biotech) added to a final concentration of 50 g/ml for 1 h. Cells were then trypsinized, pelleted by centrifugation at 2,000 rpm for 5 min, resuspended in 8 ml of 0.075 M KCl, and incubated for 20 minutes at 37 . Fixative solution composed of 1 part of acetic acid and three parts of methanol was added to a final volume of 10 ml, mixed gently and incubated for 10 min at 37 . After further centrifugation, the supernatant was removed, and ice-cold fixative solution composed of 1 part of acetic acid and three parts of methanol added to a final volume of 10 ml. Cells were dropped on a cold slide and incubated at 75 for 3 h. Belts were treated with trypsin and colorant, and metaphases analyzed on a Olympus BX51 microscope.
Teratoma formation
Pig iPSCs were harvested using dispase and one million cells were injected into the flanks of nude mice subcutaneously. After 9 weeks, mice were sacrificed, tumors embedded in paraffin, and sections stained with hematoxilin/eosin and histologically analyzed.
Results and Discussion
We chose Tibet miniature pig as a source for generating iPS. A significant advantage of this strain over the farm pig (Sus scrofa) is their reduced size and subsequent easier maintenance and experimentation ( Figure 1A ) (26) . Retroviral over-expression of Sox2, Klf4, Oct4, and c-Myc (SKOM) remains yet the most standard approach to induce iPS, and has been successfully used in mouse, human, monkey, and rat cells (5, (27) (28) (29) . Despite cross-species differences, mouse SKOM factors can reprogram human cells efficiently (30) . We employed both mouse and human factors delivered by means of retroviral transduction, and used PEF as a target ( Figure  1 ). Infection efficiency, measured with control GFP retroviruses, was close to 100% (Figure 1 , bottom). 3 culture conditions (see material and methods for further details) were tested: standard mouse ESC medium (containing 15% serum and mouse LIF), DMEM high glucose with 15% of defined (human ESC tested) serum (hereafter named as defined medium) and no LIF but with bFGF ( Figure 1) , and a half and half mixture of the two. Except for the infection, cells were maintained at all times in a CO 2 incubator set at 39 , as this is the physiological body temperature in pigs and we considered it might affect the reprogramming. Early morphological changes comparable to those seen during mouse or human iPS generation were detected in all 3 media starting at day 5-6 post infection ( Figure  1 ), after which 10 4 cells were split onto feeder monolayers. Colonies with human ESC-like morphology (clear-cut borders and with flat cells), only that more compacted, appeared on the feeders in all 3 media around day 8-10 postinfection and irrespective of the factors cocktail. More irregular non ESC-like cell clusters were also abundant and tended to take over more standard colonies progressively (Figure 2A ). At day 16 discernible colonies with human ESClike characteristics remained only in the defined medium, and were picked mechanically ( Figure  1 and 2A) . 7 out of 20 picked colonies in the mouse factor combination, and 11 out of 24 in the human, survived the initial passage and stained positive for AP. These cell lines could be routinely passaged on feeders (after dispase digestion) without losing their characteristics, but trypsinization or splitting without feeders induced quick differentiation (not shown). Selected colonies were expanded and further characterized. Expanded colonies retained the original morphology, displayed high nuclear/cytoplasmic ratio with big nucleoli characteristic of human and monkey ESC/iPS (28) , and were AP positive ( Figure 2B) . Semiquantitative RT-PCR demonstrated integration of the 4 transgenes into the genome of all tested iPS cell lines ( Figure 2C ), while TERT expression, an indication of high replication potential, was low or absent in PEF and high in iPS clones ( Figure 2D ). Indicative of acquisition of pluripotency characteristics: porcine iPS colonies stained positive for the human and monkey ESC specific glycoprotein SSEA4 and the transcription factors Nanog and Rex1 (Zfp42) ( Figure 3A) . No clear differences in morphology, AP, or immunofluorescence staining, were detected between iPS cell lines resulting from mouse or human factor combinations, or after repeated passages (over 25 in this study). Semiquantitative RT-PCR demonstrated high expression of endogenous Sox2 (eSox2), detected with primers that can't amplify the over-expressed transgene, and also of Nanog and Lin28 ( Figure 3B ). mRNA products for the expressed transgenes were not silenced ( Figure 3C ). Incomplete transgene silencing has also been described by others in human and rat iPS cell lines (6, 31) . Specific chemicals can allow the transformation of incompletely reprogrammed mouse iPS cell lines into full iPS (32, 33) . Treatment of pig iPS cell lines with 5'-azad over a period of 2 weeks did not produce any change in cell morphology (not shown) or ESC markers ( Figure 3B ). Addition of ERK (PD0325901) and GSK3b (CHIR99021) inhibitors enhanced compaction and increased proliferation, but did not affect expression levels of tested ESC markers (data not shown). To demonstrate multilineage differentiation, pig iPS cell lines were injected subcutaneously into the flanks of nude mice, which after 9 weeks resulted in teratomas comprising tissues derived from the three germ layers ( Figure 4A : a-b and g-h mesodermderived striated muscle and adipose tissue; c-d endoderm-derived gland like structures; e-f ectoderm-derived neural epithelium). Noteworthy, karyotype analysis of these pig iPS cell lines showed that their pluripotent characteristics were not associated with accumulation of chromosomal abnormalities ( Figure 4B ). Both fetal and born live chimeras have been obtained after injection of freshly isolated porcine inner mass cells into blastocysts (19) . During the course of our study we injected pig iPS cell lines into blastocysts from farm pigs (white), and deposited them into pseudopregnant recipient females. The outcome of such experiment is still waiting. To our knowledge only one case of teratoma, using pig ESC which had been expanded for only 8 weeks (equivalent to 12-14 passages of pig iPS clones), and one describing the birth of chimeric piglets from pig ESC has been reported (19) .
In summary, herein we explain a method for reprogramming PEF into iPS cells, and provide tools for their characterization. The consequences of lack of silencing for the endogenous transgenes in our cell lines are uncertain. Conceivably, this may have an effect on the readiness of our cell lines to differentiate into different tissues, and this may explain the long time (9 weeks) needed for teratoma formation. The use of different cell types other than fibroblasts has a dramatic impact on iPS generation (25, 34, 35) . A more systematic analysis of susceptibility to iPS among different porcine tissues would be important and might allow full transgene silencing by increasing the extent of the reprogramming. Besides, shifting away from PEF towards an easily obtained cell that does not involve sacrificing the animal, will be needed for autologous transplantation experiments. Use of loxP flanked polycistronic exogenous factors would also allow elimination of the exogenous DNA insertions, and we are now setting this system up for porcine iPS (36) . Models of lineage/tissue specific differentiation will as well need to be validated in pig iPS. Such models may require variations from established mouse and human models, and in those cases in which cytokines are needed the cross-species jump may be problematic. The same can be argued regarding antibodies or other reagents needed for the characterization. In addition, Tibetan pigs, while having remarkable advantages over farm pigs in terms of their handling, have evolved for thousands of years in a restricted environment and this could have imposed evolutionary changes that affect their susceptibility to iPS generation. Systematic analysis of cells from other pig strains will thus be important as well. We are currently working on disease models using pigs in which iPS cell lines will be tested. Given the long life span of pigs (18-25 years), time consuming iPS generation is not an issue like it is now in mice. The latter implies the in vivo stability of iPSderived lineages can be more rigorously monitored. Rather than all the above mentioned seeming incapacitating obstacles, and having in mind the creation of an outstanding model for preclinical testing, porcine iPS research is exciting and will likely move fast. Figure 3 Characterization of porcine iPS cell lines. A, Immunofluorescence microscopy shows activation of the endogenous ESC program. PEF are shown on the left and stained negative for all markers. Pig iPS colonies at passage 10 were used, note that feeder layers stained negative and serve as an internal comparison. Magnifications are indicated. B, Semi-quantitative RT-PCR of selected PEF iPS cell lines. eSox2 indicates the endogenous gene; Nanog and Lin28 are also included and beta actin was used as loading control. Uninfected PEF were used as negative control. Treatment of human factors C13 and C17 iPS clones with 5-azad did not further increase expression of ESC markers (right panel). Pig iPS colonies at passage 9 (mouse SKOM) and 15 (human SKOM) were used. C, Semi-quantitative RT-PCR with primers that specifically amplify the mRNA product of the integrated transgenes shows no silencing in selected iPS cell lines compared to mRNA extracted from infected control cells at day 8 after viral transduction. Water was used as negative control for the PCR reaction. 
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